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We synthesized a new Pt/Zn-based coordination polymer, {Zn[Pt(CN),(5,5’-dcbpy)]-4H,0},,
(5,5’-H,dcbpy = 5,5’-dicarboxy-2,2’-bipyridine), which exhibits reversible colour changes in
response to temperature change or exposure to chemical vapours and liquids. Such chromic
behaviour shows promise for sensing not only changes in temperature but also for detecting
chemical solvents and vapours. The single crystal X-ray structure indicates that one-dimensional
coordination polymeric chains formed by an alternating arrangement of [Zn(H,0)3]*" and
[Pt(CN),(5,5’-dcbpy)]? stacked to produce moderate metallophilic interactions between the Pt(l1)
ions. Thermogravimetric analysis and water vapour adsorption measurements show that both the
crystal water and water coordinated to Zn(Il) ions can be removed and re-adsorbed reversibly by
heating or under vacuum. Emission spectra at various temperatures and/or in the presence of
vapours or liquids reveal that the complex exhibits thermochromic and solvatochromic-like
behaviours, with the emission band shifting between 616 and 671 nm. IR spectroscopy and powder
X-ray diffraction measurements suggest that this multichromic behaviour is a result of the
cooperative phenomena of water adsorption/desorption around the Zn(Il) ions and the modification

of the metallophilic interaction.

1 Introduction

Luminescent square-planar platinum(l1)-diimine complexes
have long attracted much attention owing to their interesting
optical properties.’? Some of the complexes exhibit bright
phosphorescence from a triplet metal-to-ligand charge transfer
(®MLCT) transition state.’ In the case of one-dimensionally
stacked Pt(Il) complexes, the electronic interactions between
dz? orbitals of Pt(Il) ions give rise to the metal-metal-to-
ligand charge transfer (MMLCT) emission state.? The energy
of the MMLCT state strongly depends on the distance
between adjacent Pt ions.® Thus, the colour and luminescence
of these Pt(ll) complexes are controllable by changing the
metallophilic interaction between Pt ions. Recently, taking
advantage of this characteristic, some groups have reported
the ability of Pt(Il)-diimine complexes to detect chemical
vapours.* This ability, the so-called ‘electronic nose’, is
mainly based on the adsorption of vapour into the crystal
lattice that induces significant change in the metallophilic
interaction.® As a result, the colour of the complex changes by
exposure to chemical vapours; this is called as vapochromism.
Most  Pt(ll)-diimine based vapochromic materials are
composed of the Pt(l1)-polypyridine molecule, which acts as
the chromophore, and interactions between these
chromophoric molecules are usually based on van der Waals
interaction, hydrogen bonding and Coulombic interaction.*®
These interactions give some flexibility to solid-state
structures that enable them to recognize chemical vapours and
change the structure accompanied by an adsorption of the
vapours. However, from the viewpoint of crystal engineering,
these interactions make it difficult to control the structure and
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vapour selectivity.

Coordination polymers (CPs), on the other hand, have
recently attracted increasing attention because of their
interesting gas adsorption capacity, controllable frameworks
and other properties.® It is well known that the framework of
CPs can be controlled by substitution of the metal ion and
bridging ligand; that is, the coordination geometry of the
metal ion mainly determines the shape, and the bridging
ligand contributes to the size of the crystal lattice.” This
structural controllability may enable systematic control of
both structure and vapour selectivity. Most CPs are insoluble
in common solvents such as water, alcohols and hydrocarbons.
Considering sensor durability, the insolubility of the sensing
material may result in high stability and reversible chromism
of these sensing materials by preventing the elution and/or
decomposition of the functional molecules. Therefore, with
the aim of improving structural control of the vapochromic
complexes and maintaining insolubility in solvents, we have
designed a new series of coordination polymers (CPs) based
on the vapochromic Pt"-diimine complex [Pt(CN),(4,4’-
H,dcbpy)] (4,4’-H,dcbpy = 4,4’-dicarboxy-2,2’-bipyridine)
that can act as a complex ligand through two carboxylate
groups.® In this paper, we report the crystal structure,
adsorption properties and chromic behaviour of a newly
synthesized Pt/Zn-based CP, {Zn[Pt(CN),(5,5’-
dcbpy)]-4H,0}, (1-4H,0; 5,5’-H,dcbpy = 5,5’-dicarboxy-
2,2’-bipyridine), and demonstrate that it exhibits reversible
colour change in response to temperature change or exposure
to chemical vapours and liquids. The chromic behaviour of
this CP makes it a promising material for multi-functional
environmental sensor applications.
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2 Results and Discussion

Crystal structure. The reaction between [Pt(CN),(5,5-
H,dcbpy)] and Zn(NOs),-6H,0 under basic conditions led to
immediate formation of the insoluble coordination polymer
5 1-4H,0. This very fast reaction made it difficult to form
single crystals of 1. Although most of the obtained crystals
were very thin and twinned or polycrystalline, we successfully
determined the crystal structure with enough quality by using
a synchrotron light source (see Experimental)." Figure 1 (a)

10 Shows the structure of 1-4H,0 at 90 K viewed along the b axis.

Complex 1 crystallized in the monoclinic P2,/m space group.
The [Pt(CN),(5,5’-dcbpy)]* complex anion acts as a bridging
ligand to produce an infinite 1-D linear polymeric chain along
the a+c axis (Figure 1(b)). None of the cyano groups of
15 [Pt(CN),(5,5’-dcbpy)]? were directly bound to Zn ions. The
Zn ion has a trigonal bipyramidal coordination structure with
three water molecules in the equatorial plane and two
carboxylate oxygens of the dcbpy ligand at the axial positions.
The Pt-dcbpy units are uniformly stacked along the b axis to
20 form a metallophilic interaction between adjacent Pt ions with
3.309(1) A (Figure 1(c)). The distance between adjacent Pt
ions observed for 1-4H,0 is longer than that of [Pt(CN),(4,4’-
H,dcbpy)]-4H,0 (3.2358(1) A)®, suggesting the existence of

2 Fig. 1 (a) Perspective view of the unit cell of 1.4H,0 along b axis. (b)
One-dimensional chain structure of 1. Dotted lines show the hydrogen
bonds. (c) Stacked structure with metallophilic interaction of 1. Pt, Zn, C,
N and O atoms are indicated as blue, green, dark brown, light blue and
red filled circles, respectively. Blue plates show the coordination
30 environments of Pt, and green octahedrons show those of the Zn ions. H
atoms are omitted for clarity.™®
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a weak metallophilic interaction in 1-4H,0. There are one
crystallographically independent, non-coordinated water
molecule (O7 atom) that was hydrogen bonded with the
coordinated water and the cyano group.

Water adsorption. As described in the Introduction, there
are several vapochromic materials based on the Pt(I1)-diimine
chromophore.*® In these complexes, the chromic behaviour
usually originates from reversible changes in metallophilic
interactions induced by vapour adsorption. Our complex
1-4H,0 also shows a moderate metallophilic interaction and
includes water molecules in the crystal structure, suggesting a
possibility for chromic behaviour. To clarify the reversibility
of water vapour adsorption and desorption, thermogravimetric
(TG) and differential thermal analyses (DTA) were performed.
Figure 2 shows the TG-DTA plot of 1-4H,0. Upon heating,
the sample weight gradually decreased, and two steep weight
losses were observed at 345 (4.0% loss) and 371 K (9.9%
loss). These weight losses were close to the amounts of 2H,0
(5.8%) and 4H,0 (11.5%) in 1-4H,0, respectively. The small
disagreement between the calculated and observed weight
losses may be due to the partial desorption of water at room
temperature. At the weight-loss temperatures, endothermic
peaks were also observed. These results indicate that the
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Fig. 3 Adsorption isotherms for water (circle) and methanol (triangle)
vapour of 1 at 293 K. The open and closed symbols represent the
adsorption and desorption process, respectively.
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four water molecules included in 1-4H,0 could be removed
easily by heating. The chemical compositions at 298, 343 and
373 K, as estimated from the weight loss, represent
approximately tetrahydrate 1-4H,0, dihydrate 1-2H,O and
anhydrous 1, respectively. The adsorption isotherms of water
and methanol vapour of 1 were measured (Figure 3). Before
each measurement, the sample was heated at 373 K under

3}

vacuum to remove all crystal and coordinated water molecules.

The dried complex 1 adsorbed water vapour at 3.5 mol-mol™
saturated amount, corresponding to the number of coordinated
water molecules in 1-4H,0. The adsorption amount at the first
step in the lower pressure region up to P/P, = 0.57 was
approximately half the saturated amount (ca. 2 mol-mol™). In
the desorption process, the adsorption amount barely
decreased to P/P, = 0.1, suggesting that the adsorbed water
molecules are tightly bound in the pores. This result is
consistent with almost all water molecules being bound to
Zn(I1) ions. On the other hand, only a very small amount of
physisorption was observed for methanol vapour. In addition,
note that 1 could not adsorb N, gas, suggesting the lack of
permanent porosity (Figure S1). This water vapour selective
adsorption is related to either the window size of the pore or
the coordination ability of the adsorbates.

Thermochromic behaviour driven by water vapour. It is
well known that some of the Pt(Il)-diimine complexes show
bright emission from the triplet metal-metal-to-ligand charge
transfer ((MMLCT) state generated by the effective
metallophilic interaction between Pt ions.>® Because the
coordination polymer 1-4H,O shows reversible water
30 adsorption/desorption and has effective metallophilic

interaction, we examined the possibility of chromic behaviour.
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Fig. 4 (Top) Bright field images of 1 at 303, 343 and 373 K. (Bottom)
Temperature dependence of the emission spectra of 1. Ae. =519 nm.

35 Figure 4 shows the temperature dependence of the emission
spectra of 1. The emission maximum of 1-4H,0O was observed
at 614 nm at 303 K, that is, shorter by about 26 nm than that
of [Pt(CN),(4,4’-H,dcbpy)]-4H,0 (640 nm).® This difference
as discussed in the crystal structure section, suggesting that

w0 the emission of 1-4H,0 is attributable to the *MMLCT state.

Upon heating, the emission band shifted to a longer

wavelength, up to 636 at 343 K and to 671 nm at 373 K. In

addition to the red shift of the emission band, the colour of the

complex gradually changed from bright orange to red, and
a5 finally, to dark purple (see Figure 4). The red shifts observed
in emission spectra imply that the shrinkage of the Pt-Pt
distance occurs upon heating. In addition, the emission band
and colour reverted to the original colours when the
temperature was lowered in humid air, indicating the
reversibility of the colour change, probably originates from
the difference of the Pt-Pt distance.

To investigate the origin of thermochromism, powder X-ray
diffraction (PXRD) patterns of 1-4H,O were measured at
various temperatures (Figure 5). The patterns observed at 305
ssand 343 K were almost identical to the simulation pattern

calculated from the structure determined by single crystal X-

ray diffraction, showing that the structure of a dihydrate form

1.2H,0 is very similar to that of tetrahydrate 1-4H,0. On the
other hand, the pattern at 373 K, where 1 should be anhydrous,

60 was also similar to those at lower temperatures, but it should
be noted that the 020 reflection observed at 20.73 deg. shifted
about 0.3 deg to a higher angle. This result is evidence of the
shrinkage of the crystal lattice along the b axis, which
corresponds to the direction of metallophilic interaction

s between Pt ions. The observed shift of the 020 reflection to
higher angle corresponds to the shortening of the Pt-Pt
distance about 0.05 A. Upon cooling to 305 K in humid air,
the 020 reflection reverted to the original position as well as
undergoing a colour change from dark purple to bright orange.

7 To obtain more detailed structural information about the
thermochromism, the temperature dependence of IR spectrum
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Fig. 5 Temperature dependence of PXRD patterns of 1. Indexes for main

observed reflections are shown at the top. The pattern at the bottom is the
75 simulation calculated from the crystal structure of 1-4H,0 at 90 K. The

dotted line is drawn as a guide to the position of 020 reflection at 305 K.
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Fig. 6 Temperature dependence of IR spectrum of 1-4H,0. (a) Region of
O-H stretching mode in water. (b) Region of CN and CO stretching
modes in cyanide ligand and carboxy! group.

s of 1.4H,0 was measured (Figure 6). At 303 K, the bands
assignable to O-H and GN stretching modes were observed
at 3300 and 2150 cm™, respectively. The main asymmetric
and symmetric C=0 stretching modes were observed around
1596 and 1396 cm™, respectively. The energy difference

1 between these two modes was about 200 cm™, suggesting that
the bonding mode of the carboxylate group is mainly
monodentate.® At 343 K, where the complex changed from
tetrahydrate to dihydrate, neither the IR spectrum nor the
PXRD pattern changed significantly. On the other hand, above

15 373 K, several drastic changes were observed. The O-H

stretching mode disappeared, and theNCstretching mode

was split into two peaks separated by about 50 cm™,
suggesting that all water molecules were removed from the
crystal lattice and the cyano groups may coordinate to the Zn
ions in high temperature region.” The C=0 bond stretching
modes also changed with increasing temperature. The two
bands of the asymmetric C=0 mode merged and shifted to
lower energy at 1550 cm™, and a new band at 1360 cm™
appeared, which is lower than that of the symmetric C=0

25 bond. These changes provide clear evidence of the remarkable
changes in the coordination mode of the carboxy group. In
other words, the coordination environments of Zn(ll) ions
dramatically changed at this temperature. From the viewpoint
of the coordination environment of Zn(ll) ions, the number of

w0 coordinated atoms is five at 303 K (as discussed above).

However, in anhydrous form 1, there are no water molecules

in the framework, which may limit the number of coordination

atoms to no more than six, likely, four. This structural
transformation around the Zn(Il) ions makes the metallophilic
interaction more effective, resulting in the red shift of the
emission and the colour of complex 1. In addition, the
spectrum at 373 K was not changed by lowering the
temperature to 303 K in a dry nitrogen atmosphere, whereas it
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Fig. 7 Bright field images of 1-4H,0 in air, soaked in water, CHCl;and
MeOH, respectively (top), and emission spectra of 1-4H,0 soaked in
various liquid media at room temperature (bottom). Ae. =519 nm. Dotted
line shows the spectrum of 1-4H,0 in air. Blue, green, brown, red, purple

and black solid lines show the spectra of the sample soaked in water,
hexane, benzene, ethanol, 1-pentanol, and DMF, respectively.

600 800

reverted to the spectrum at 303 K in humid air. These results
indicate that water adsorption/desorption processes are key
factors in the thermochromism of this complex.
Solvatochromic like behaviours in liquids. As described in the
Introduction, most vapochromic behaviours of Pt complexes
occur based on a molecular assembly involving weak
intermolecular interactions, such as hydrogen bonds or van
der Waals interactions.® Those weak interactions may enable
these materials to undergo the structural change induced by
vapour adsorption. Our complex 1-4H,0 is composed of the
polymeric chain formed by coordination bonds, which are
stronger than hydrogen bonds. To examine whether the
complex 1-4H,0 shows vapochromic behaviour, we measured
the emission spectra under various conditions. Although the
colour of 1-4H,0 changed gradually when exposed to organic
vapours, the corresponding changes occurred rapidly when the
solid sample was immersed in the liquids. To estimate simply
the effects of liquids, emission spectrum of 1.4H,0 was
measured for the sample soaked in various liquid media.
Figure 7 shows the emission spectra of 1-4H,O soaked in
various liquids; the observed emission maxima of each
spectrum are summarized in Table S1. The complex 1-4H,0 is
essentially insoluble unless a strong base is added. The
emission maximum of 1-4H,0 in air was observed at 614 nm.
When 1.4H,0 was soaked in non-polar liquids such as hexane
and toluene, the emission band barely changed, or slightly
shifted to a longer wavelength (about 15 nm or less). Soaking
1-4H,0 in highly polar liquids shifted the emission band to a
significantly longer wavelength, over 30 nm, except in the
case of water. Along with the red shift of the emission band,

4 | Journal Name, [year], [vol], 00—00
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Fig. 8 Plot of the emission energy of 1-4H,0 against dielectric constant of
the soaking liquid in all region (upper) and low dielectric constant region
below 10 (lower). Data without liquid are shown as open triangles, and
with aprotic and protic liquids are shown as open and closed squares,
respectively. The dotted lines are drawn as a guide.

the colour change from orange to dark purple induced by
soaking is also very similar to that of the thermochromism
(see images in Figure 7). As well as the red shifts observed in
emission spectra, the absorption band in diffusion reflectance
spectrum of 1 shifted to longer wavelength about 100 nm
when the sample was soaked in DMF (see Figure S3 in
supporting information). It is noteworthy that the emission
band also shifted to a longer wavelength in liquid MeOH, in
spite of the lack of adsorbability for MeOH. This result
provides clear evidence showing that this solvatochromic-like
behaviour originates from a structural transformation similar
to that occurring in thermochromism. In fact, the emission
band maximum of the sample soaked in DMF (669 nm) is
almost the same as that observed at 373 K (671 nm). In
addition, the emission energies seem to be proportional to the
dielectric constant of the liquid as shown in Figure 8. The red
shifts observed for THF, dichloromethane, and 1,4-dioxane
are relatively larger than that for nonpolar liquids. THF and
dichloromethane have large dipole moments, 1.670 and 1.364
debye, respectively, which are close to that of MeOH.* 1,4-
dioxane does not have a high dipole moment (about 0.002
debye) but has high affinity for water.!® It should be
emphasised that these emission shifts in the soaking solvents
were hardly observed in the solvents that included 5% or more
water (Figure S2). Considering these results, we believe that
this solvatochromic-like behaviour originates from the elution
of the water molecules involved in 1-4H,0 to liquid media,
resulting in the red shift of emission with colour deepening.
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Scheme 1 Possible mechanism of the chromic behaviour of the complex 1.
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3 Conclusion

We have newly synthesised a Pt/Zn-based coordination
polymer {Zn[Pt(CN),(5,5’-dcbpy)]-4H,0},, and found that this
polymer exhibits chromic behaviour under various environmental
conditions. The structure of the polymer comprises one-
dimensional polymeric chains formed by alternating Zn(ll)
cations and [Pt(CN),(5,5’-dcbpy)]* complex anions. These
chains are stacked to generate moderate metallophilic interaction
between the Pt(Il) ions. The temperature dependence shown by
the powder X-ray diffraction and the IR spectrum reveal that the
adsorption/desorption of water molecules coordinated to Zn(ll)
ion is the main driving force of the chromic behaviour. The
possible mechanism of the chromic behaviour of 1 is summarized
in scheme 1. The coordination geometry of Zn(ll) strongly
depends on the number of coordinated water molecules. As a
result of changing the number of water molecules coordinated to
the Zn(ll) ion, the metallophilic interaction between Pt ions
changes simultaneously. In other words, the Zn(Il) ions act as the
water-adsorbing site and the Pt units serve as both the
chromophore and emitting site. These chromic behaviours driven
by water adsorption/desorption should be applicable to a
multifunctional environmental sensor that can sense temperature,
pressure, humidity, chemical vapours, and liquids. Our
preliminary experiments imply that the Zn(ll) ion can be
substituted by the other divalent metal ions, such as Ca(ll) and
Ni(ll), and that the adsorption properties of these CPs seem to
depend on the kind of the metal. Further work to develop a series
of coordination polymers based on [Pt(CN),(5,5’-dcbpy)]*
complex anion are now in progress.

4 Experimental

Syntheses. All starting materials, KyPtCl, and 3-
methylpyridine were used as received from commercial
sources, and the solvents were used without any purification.
Pt(CN),,* 5,5’-H,dcbpy*? and [Pt(CN),(5,5’-H,dchpy)]® were

This journal is © The Royal Society of Chemistry [year]
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prepared according to published methods. Elemental analysis
was performed at the analysis centre in Hokkaido University.
{Zn[Pt(CN),(5,5’-dcbpy)]-4H,0}, (1-4H,0): KCI
saturated aqueous solution (5 ml) was added to the solution of
[Pt(CN),(5,5’-H,dcbpy)] (40 mg, 82 pmol) in 0.1 M aqueous
ammonia (8 mml). A yellow precipitate emerged immediately
and was then filtered. The yellow precipitate was dissolved in
water (15 ml). To this clear yellow solution, the solution of
Zn(NO3)-6H,0 (24 mg, 84 pumol) in water (5 ml) was added.
The orange precipitate immediately formed. After subsequent
stirring for 1 h at room temperature, the solids were filtered
off from the reaction mixture. The isolated precipitate was
washed thoroughly with water and then dried in air for 1 day
to afford orange powder 1-4H,0O (42 mg, 67 umol) in 82%
yield. A single crystal suitable for X-ray structural
determination of 1-4H,O was obtained by the diffusion
method of water/EtOH with ethyl acetate as an intermediate
buffer at 323 K. Elemental analysis calcd. for
C14HeN4O4PtZn-4H,0: C 26.83, H 2.25, N 8.94; found: C
26.59, H 2.31, N 8.70.
Single crystal X-ray structural determination. Single crystal
X-ray diffraction measurement was performed using a Rigaku
MERCURY CCD diffractometer at NW2A beamline of the
Advanced Ring, Photon Factory of KEK, Japan. The
wavelength of the synchrotron X-ray was 0.6890(1) A. A
single crystal of 1-4H,0 (crystal dimension: 0.20 x 0.04 x
0.02 mm®) was mounted on a MicroMount with paraffin oil. A
nitrogen gas flow temperature controller was used to cool the
sample at 90 K. Diffraction data were collected using
CrystalClear'® and processed by HKL2000.** The structure
was solved by a direct method using SIR2004 and refined by
the full-matrix least-squares using SHELXL97.'® The non-
hydrogen atoms were refined anisotropically. H atoms were
refined using the riding model.
Powder X-ray diffraction. Powder X-ray diffraction
measurements at various temperatures were performed using a
Rigaku SPD diffractometer at beamline BL-8B, Photon
Factory, KEK, Japan. The wavelength of the synchrotron X-
ray was 1.200(1) A. The sample was placed in a glass
capillary of 0.5 mm¢ diameter. The temperature of the sample
was controlled using a nitrogen gas flow variable temperature
controller.
Luminescence spectroscopy. Emission and excitation spectra
were recorded under various conditions on a Jasco FP-6600
spectrofluorometer. The sample temperature was controlled
by a JASCO ETC-273 peltier-type temperature controller.
About 1 mg of the sample was placed in a glass capillary of
0.5 mm¢ in diameter. Slit widths of exicitation and emission
light are 5 and 6 nm, respectively.
IR spectroscopy. Temperature-dependent IR spectra were
recorded on a Nicolet 6700 FT-IR spectrometer using a
Nicolet Continuum microscope. The sample temperature was
controlled by a Linkam LK-600 hotstage.
Thermogravimetric ~ analysis. ~ Thermogravimetry  and
differential thermal analysis were performed using a Rigaku
ThermoEvo TG8120 analyzer.
Adsorption Isotherms. The adsorption isotherms of water and
MeOH vapours at 293 K were performed using an automatic
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volumetric adsorption apparatus (BELSORP MAX; BEL Japan,
Inc.)
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